Cortical-subcortical circuits have been implicated in the pathophysiology of mood disorders. Structural and biochemical abnormalities have been identified in patients diagnosed with mood disorders using magnetic resonance imaging-related approaches. In this study, we used magnetization transfer (MT), an innovative magnetic resonance approach, to study biophysical changes in both gray and white matter regions in cortical-subcortical circuits implicated in emotional regulation and behavior. Our study samples comprised 28 patients clinically diagnosed with major depressive disorder (MDD) and 31 non-depressed subjects of comparable age and gender. MT ratio (MTR), representing the biophysical integrity of macromolecular proteins within key components of cortical-subcortical circuits-the caudate, thalamic, striatal, orbitofrontal, anterior cingulate and dorsolateral regions-was the primary outcome measure. In our study, the MTR in the head of the right caudate nucleus was significantly lower in the MDD group when compared with the comparison group. MTR values showed an inverse relationship with age in both groups, with more widespread relationships observed in the MDD group. These data indicate that focal biophysical abnormalities in the caudate nucleus may be central to the pathophysiology of depression and critical to the cortical-subcortical abnormalities that underlie mood disorders. Depression may also accentuate age-related changes in the biophysical properties of cortical and subcortical regions. These observations have broad implications for the neuronal circuitry underlying mood disorders across the lifespan.
INTRODUCTION
Major depressive disorder (MDD) is a common mental disorder that is associated with substantial economic and psychosocial impairment.
1,2 MDD is a heterogeneous disorder clinically, with a variable clinical course and outcome. [3] [4] [5] Both biological and environmental factors have been implicated in the pathophysiology of MDD, and while several neurobiological correlates have been described, no central mechanism has been recognized as critical in the etiopathogenesis of the illness. 4, [6] [7] [8] Cortical-subcortical circuits have been implicated in the pathophysiology of mood disorders. Evidence from both clinical and experimental sources indicates that specific frontalsubcortical circuits and neocortical-subcortical-cortical loops have important roles in maintaining and mediating emotional and cognitive states. [9] [10] [11] In vivo neuroimaging approaches provide an opportunity to identify and characterize neurobiological abnormalities in specific circuits in patients diagnosed with clinical brain disorders. [12] [13] [14] [15] Microstructural and biophysical abnormalities that form the basis of the aberrations in connectivity are frequently observed in patients with mood disorders. 15, 16 Magnetization transfer (MT) is an innovative magnetic resonance imaging (MRI)-related approach that helps identify biophysical abnormalities in both gray and white matter regions. [17] [18] [19] [20] In MT imaging, an 'off resonance' sequence is used to saturate selectively the macromolecular proteins attached to the bound water compartment in the brain, thereby providing an image that primarily reflects free water contributions. [17] [18] [19] The extent to which this saturation occurs is a reflection of the macromolecular protein composition in specific brain regions and the underlying tissue pathology. The primary outcome measure of MT imaging in vivo is the MT ratio (MTR), which reflects the underlying compromise to the protein compartment. Reductions in MTR in the white matter are associated with axonal and myelin loss in post-mortem imaging studies using brain tissue from patients diagnosed with multiple sclerosis. 21, 22 The neurobiological substrates of lower MTR in gray matter regions are less precisely characterized and are believed to reflect microscopic injury to cell membrane proteins and phospholipids from several underlying mechanisms. [23] [24] [25] MT imaging has been used to examine the neurobiological basis of mood and related behavioral disorders. [26] [27] [28] [29] [30] For example, lower MTR has been reported in patients with late-life unipolar depression, with abnormalities identified in neocortical regions and subcortical nuclei and includes gray and white matter structures. 31, 32 A recent report described lower MTR in treatment refractory patients with depression in several gray and white matter regions. 33 In patients diagnosed with bipolar disorder, lower MTR has been identified in the right subgenual anterior cingulate and adjacent white matter when compared with controls. 26 However, there have been no studies of MT investigating the biophysical properties of neuronal circuits in untreated patients diagnosed with unipolar depression across the age spectrum.
The purpose of this study was to examine the biophysical integrity of specific cortical-subcortical circuits in patients diagnosed with unipolar MDD and non-depressed subjects of comparable age and gender. These include the dorsolateral prefrontal, the lateral orbitofrontal and the anterior cingulate circuits-circuits that have been identified as having a role in the regulation and modulation of affect, behavior and cognition. 34, 35 Cortical and subcortical structures that form components of these circuits were examined for their biophysical integrity. These include gray matter in the dorsolateral prefrontal, lateral orbitofrontal and anterior cingulate regions, the frontal white matter, head of the caudate nucleus, the putamen, the globus pallidus and the thalamus bilaterally. Where group differences are observed, we were interested in exploring the relationship of MTR to salient clinical variables. Based on earlier studies, including reports from our laboratory, we hypothesized that patients with MDD would demonstrate lower MTR in both neocortical and subcortical regions. We additionally hypothesized that the biophysical aberrations would involve both gray and white matter regions. Given the wide age range in our sample, we also hypothesized that age would be negatively correlated with MTR in both groups and throughout the examined circuits.
MATERIALS AND METHODS Clinical
Our study samples comprised 28 patients diagnosed with MDD and 31 non-depressed controls seen in Table 1 . Patients and controls were recruited from the community through advertisements in newsletters and local newspapers. Inclusion criteria for subjects with MDD included: (1) a diagnosis of MDD using the DSM IV criteria; 36 (2) Hamilton Depression Rating Scale scores of 15 or greater on the 17-item scale; 37 (3) no evidence of dementia/cognitive impairment based on history and mental status examination; and (4) a score of 24 or greater on the Mini Mental State Exam. 38 Exclusion criteria included: (1) presence of any concurrent axis 1 disorder; (2) history and mental status consistent with dementia and/or MMSE score of 24 or less; (3) presence of psychosis or history of psychosis; (4) prior history of substance abuse disorder; (5) significant head trauma; and (6) on active psychotropic medications.
All patients received structured clinical interviews and comprehensive neuropsychological exams. All participants were age 30 years and older and the study was approved by the University of Illinois at Chicago Institutional Review Board and written informed consent was obtained from all participants. All participants were also evaluated by a boardcertified or board-eligible psychiatrist (AK or OA).
All participants with MDD were free of antidepressant medication at least 2 weeks before the study. Healthy control subjects denied a history of depressed mood, required a score of 8 or lower on the Hamilton Depression Rating Scale and were free of unstable medical conditions. All participants were also administered the Center for Epidemiologic Studies of Depression (CES-D) Scale as an independent measure of depression severity. 39 Participants received an assessment of vascular risk using the Framingham Stroke Risk Profile score. 40 
Image data acquisition
The MRI was performed on a Philips Achieva 3 T scanner (Philips Medical Systems, Best, The Netherlands) with a Philips' SENSE-Head-8 coil. The MT images were acquired using a three-dimensional (3D) spoiled gradientecho sequence with multishot echo-planar imaging (EPI) readout: repetition time (TR)/echo time (TE) ¼ 64/15 ms, flip angle ¼ 91, field of view (FOV) ¼ 24 cm, 67 axial slices, slice thickness/gap ¼ 2.2 mm/no gap, EPI factor ¼ 7, reconstructed voxel size ¼ 0.83 Â 0.83 Â 2.2 mm 3 , P reduction factor ¼ 2, with a nonselective five-lobed Sinc-Gauss off-resonance MT prepulse (B 1 /Df/dur ¼ 10.5 mT/1.1 kHz/24.5 ms). 41 The image slices were parallel to the anterior commissure-posterior commissure line. Before the MT scan, high-resolution 3D T 1 -weighted magnetization prepared rapid acquisition gradient-echo (MPRAGE) images were acquired: TR/TE ¼ 8. 
Image processing
The MPRAGE images, FLAIR images and the MT images without the offresonance MT prepulse (M 0 ) were coregistered first and the images with the off-resonance MT prepulse (M s ) were then registered to the coregistered M 0 . The MTR values were calculated on a voxel-by-voxel basis using coregistered M 0 and M s with the formula MTR
The ROIs were placed in periventricular frontal white matter, head of the caudate nucleus, putamen, thalamus and globus pallidus, as well as three cortical regions, i.e., anterior cingulate cortex (ACC), lateral orbitofrontal cortex (LOFC) and dorsolateral prefrontal cortex (DLPFC), in both hemispheres (see Figure 1) .
Care was taken to ensure consistent placement of ROIs for the MTR analysis. The slice displaying the most anterior margin of genu of the corpus callosum (Montreal Neurological Institute (MNI) coordinates [1, 32, 6] ) was chosen as the reference slice for placing the following ROIs: periventricular frontal white matter, head of the caudate nucleus, putamen and thalamus, because this landmark could be easily and consistently identified across subjects and these structures are visible at this slice level 42, 43 (see Figure 1a ). In the case that the putamen was not completely visualized on this slice, the next inferior slice was used instead. 42, 43 For the ROI of globus pallidus, the slice clearly displaying the anterior commissure (MNI: [0, 2, À 4]) was chosen as the reference slice (see Figure 1b) .
For the three cortical ROIs (see Figures 1c-e) , we first used FreeSurfer to segment out the whole structures and then defined the ROIs within the segmented structures using the following landmarks: the same slice used for the subcortical ROIs (MNI: [z] ¼ 6), the first slice superior to the orbits Figure 1a and was relatively smaller 55 mm 3 for globus pallidus (see Figure 1b) . These volumes were chosen so that the MTR calculation in each subcortical ROI could be devoid of partial volume effects from adjoining region tissues on all the involved subjects. In addition, the volumes of three cortical ROIs were 142.9±47.1, 682.6±168.1 and 786.9 ± 172.7 mm 3 for ACC, LOFC and DLPFC, respectively (see Figures 1c-e) . The generation of ROIs in the images and the calculation of MTR were performed using in-house developed programs. 
Statistical analysis
Clinical and demographic measures were analyzed using univariate analysis of variance for continuous variables and w 2 -tests for categorical variables. Group differences in MTR were assessed using univariate analysis of covariance controlling for age and sex. Significance level was set at Po0.05. Correlations between the MTRs and CES-D scores and duration of current depressive symptoms were analyzed using partial Pearson's product-moment correlations, as were correlations between the MTR and age. All statistical analyses were carried out using SPSS version 18. We used the false discovery rate 44, 45 approach to control for type I error rate for multiple comparisons.
RESULTS MTR values were compared between patients diagnosed with MDD and non-depressed controls of comparable age ( Table 2) . MTR in the head of the caudate nucleus on the right side was significantly lower in the MDD group when compared with controls (P ¼ 0.007) (Figure 2) . The only other region where the MTR differences between our patient and control groups approached statistical significance was in the left thalamus (P ¼ 0.061) (see Table 2 ). Using the false discovery approach, for q values up to 0.30 (for false discovery rate bounds), the only significant difference between MDD and healthy control groups is in the hCaud_R, which is consistent with the P-value-based inference without adjusting for multiple comparisons.
As MTR in the caudate was the only biophysical measure that differed significantly between the two groups, we examined the relationship of this measure to important clinical variables. MTR in the right caudate nucleus showed an inverse correlation with scores on the CES-D, a measure of depression severity, in the entire sample (r ¼ À 0.28, P ¼ 0.034). 39 MTR in the right caudate also correlated inversely with the duration of the current depressive episode (r ¼ À 0.30, P ¼ 0.02). No correlation was observed between MTR values in the right caudate and the overall Framingham cerebrovascular risk factor score after controlling for age. 40 Age was negatively correlated with MTR values in both groups. In the non-depressed control group, the putamen bilaterally, the frontal white matter and the LOFC on the left side and the DLPFC on the right side showed statistically significant negative MTR correlations with age (Table 3 ). In the MDD group, most of the regions examined show a statistically significant decrease in MT ratios with age (see Table 3 ) (Po0.05).
DISCUSSION
Our primary finding is that the macromolecular protein pool in the head of the caudate nucleus on the right side is compromised in patients with unipolar depression when compared with control subjects. Although lower macromolecular protein pools were identified in a few other brain regions germane to corticalsubcortical circuits, the effect sizes were much smaller and did not reach statistical significance. MTR values showed significant decline with increasing age in both depressed and control groups, with the depressed group demonstrating more widespread ageassociated damage than the control group.
The caudate nucleus is a critical part of prefrontal-striatalpallidal-thalamic-prefrontal circuits that have been consistently Subcortical biophysical abnormalities in patients with mood disorders A Kumar et al implicated in behavior. [9] [10] [11] 46 The head of the caudate nucleus has extensive connections with both cortical and subcortical nuclei. 34, 35 Of the five primary cortical-subcortical circuits, the dorsolateral prefrontal, the lateral oribitofrontal and the anterior cingulate circuits have been consistently implicated in behavioral abnormalities. The dorsolateral circuit originates in the principal sulcus and projects to the dorsolateral head of the caudate nucleus and from where it extends to the tail of the caudate. Projections from the rostral caudate extend to the globus pallidus/substantia nigra and from these sites to the thalamus. From the thalamus, projections extend to the principal sulcus of the prefrontal cortex, thereby completing the anatomic loop. The lateral orbitofrontal circuit originates in the orbitofrontal region around Brodmann area 10 and projects to the venteromedial section of the caudate nucleus from where additional projections extend to the globus pallidus interna, the substantial nigra, the thalamus and then back to the orbitofrontal region. 34 The ventral striatum receives cortical input from multiple cortical and limbic regions including the anterior cingulate, hippocampus, the amygdala and the entorhinal cortex. 34, 35 The ventral striatum in turn projects to the globus pallidus and substantia nigra and the anterior cingulate circuit is completed by projections to the cingulate from the mediodorsal nucleus. 34 Changes to the macromolecular pool in the head of the caudate could have 'downstream' molecular and cellular effects in other parts of the prefrontal-subcortical circuitry. These include other subcortical nuclei, relevant neocortical regions and the white matter tracts that connect these regions.
Our finding is consistent with several in vivo neuroimaging observations that implicate the caudate nucleus in the regulation of mood and the pathophysiology of mood disorders using a number of different methods. 14, 47, 48 In an earlier report, our laboratory demonstrated smaller MT ratios in the caudate nucleus bilaterally in patients with type 2 diabetes and depression when compared with both healthy and diabetic controls. 46 In a magnetic resonance spectroscopy study, Ajilore et al. 47 reported lower Glx, a glutamate/glutamine composite measure, in the subcortical regions bilaterally, in a voxel that included the head of the caudate, in patients with diabetes and depression when compared with controls. Other investigators using magnetic resonance spectroscopy have demonstrated lower N-acetyl aspartate/creatine amplitude in the right caudate and higher choline concentrations when compared with controls. 48 Structural and functional studies in patients diagnosed with clinical depression demonstrate abnormalities in the caudate including smaller volumes and blunted physiological response to reward outcomes. [49] [50] [51] [52] Collectively, these findings provide strong evidence that the head of the caudate nucleus and other subcortical and neocortical regions that are connected to it form integrated neuronal circuits that contribute to and are germane to the pathophysiology of mood disorders.
The caudate nucleus is involved in multimodal sensory, motor and emotional integration. 53 Injury to the caudate therefore results in a broad array of sensorimotor and behavioral deficits, including changes in mood and cognitive functions. 54 Abulia, apathy and neglect syndromes have all been described in patients after acute vascular injury to the caudate. 54 Clinical depression has been reported in patients after vascular injury to the basal ganglia and frontal-subcortical circuits. 55 Preclinical and human studies indicate that the caudate may have an important role in the control of approach-attachment behavior and affect regulation. 56 A recent study identified lower neuronal density in the caudate nucleus in post-mortem studies of brain tissue from patients previously diagnosed with late-life depression. 57 Thus, a combination of preclinical studies and clinical observations highlight an important, albeit complex, role for the caudate nucleus in the regulation and modulation of affect and mood.
Aging is associated with a decline in gray matter structure and physiology and white matter ultrastructure. [58] [59] [60] [61] [62] Our findings indicate that, in the MDD group, MT ratios decline with age in multiple brain regions, whereas in the non-depressed control group, statistically significant MT changes with age occur more selectively. Almost all regions in both groups show a decline, albeit in some cases statistically insignificant, with increasing age. These findings suggest that the combination of a mood disorder and increasing age results in more striking age-related MTR changes than aging alone. This phenomenon may explain why patients diagnosed with late-life depression show more widespread reductions in MT ratios when compared with controls as opposed to the younger patient group utilized in this study. 31, 32 MT has been used to characterize the underlying neurobiology of a broad array of psychiatric and neurologic disorders. [27] [28] [29] [30] [31] [32] 63 These include diseases in the neurodegenerative spectrum, disorders of myelination and inflammation and mood and psychotic disorders. 26, 28, 29, [31] [32] [33] 63 In these disorders, lower MTR has been demonstrated in neocortical, subcortical and limbic regions, and include gray and white matter architecture. 28, 29, [31] [32] [33] 63 Lower MTR occurs in several brain regions across a broad spectrum of behavioral disorders as it more accurately reflects underlying neurobiological processes than any specific combination of clinical signs and symptoms. However, while there may not be any diagnostic specificity to MTR changes, the regional involvement may vary across disease states and provide patterns of impairment that helps clarify the circuits involved in the pathophysiology of clinical disorders.
Post-mortem MT and histopathology studies reveal that in the white matter lower MTR is associated with axonal loss and myelin compromise. 21, 22 The origin of the MTR signal in the gray matter is more complex and heterogeneous and may reflect multiple neurobiological aberrations. [23] [24] [25] 64 In the gray matter, cell membrane proteins and phospholipids contribute to the macromolecular density that contributes to the signal. 23 Injury to cell membranes, reductions in dendritic density and in neuronal size and numbers may alone or in combination be responsible for the decrease in MTR in the gray matter. 23 Wallerian degeneration, both anterograde and retrograde, secondary to proximal and/or Subcortical biophysical abnormalities in patients with mood disorders A Kumar et al distal axonal damage has also been implicated as a mechanism contributing to lower MTR in the gray matter. 24, 64 The strong afferent and efferent connectivity of the caudate makes this another credible neurobiological explanation for our finding. The relative contributions of these mechanisms to the MTR may vary across disease states. At a molecular level, stress-related changes in trophic hormones, altered immune functions and vascular mechanisms could plausibly contribute to the biophysical aberrations detected in our MDD sample. 7, [65] [66] [67] [68] It is important to note that lower MTR in the gray matter is not a mere neuroimaging marker of atrophy and neuronal degeneration. 64 Lower MTR has been identified in cortical and subcortical brain regions that are not atrophic. 64 A few limitations of our approach need to be discussed. Although our data indicate that the head of the caudate nucleus on the right side is biophysically compromised in our patients diagnosed with depression, the current state of the technology does not permit us to be more anatomically precise regarding the subregion of the caudate where the abnormalities may be localized. Consequently, we are unable to extrapolate as to which of the three cortical-subcortical circuits may be selectively compromised in our sample. Also, the analysis of variance approach used in our statistical analysis assumes that measurements (observations) nested within the same brain are independent of one another. To incorporate correlations of observations obtained from different regions of a brain, a mixed-effects model would provide a more conservative approach to our data. However, our relatively small sample size precludes such an approach to our statistical analysis. Finally, while the lower patient-control MTR differences were far greater in the head of the caudate nucleus in this study, a few other regions, notably the thalamus on the left side, also showed lower MTR values that did not reach statistical significance. The relatively small sample sizes may have precluded some of these smaller effects from reaching statistical significance.
In summary, our findings are the first to demonstrate that the head of the caudate nucleus on the right side is biophysically abnormal in patients with unipolar MDD when compared with controls. The magnitude of the patient À control differences in this region far exceeded the smaller MTR changes that we identified in a few other regions of the brain germane to cortical-subcortical circuits. Given the heterogeneous nature of MDD and the diverse biological abnormalities that have been reported in these groups of disorders, other brain regions and tracts may also play important roles in the pathophysiology of clinical depression. Nonetheless, our finding strongly suggests that abnormalities in the head of the caudate may be a critical component to frontalsubcortical dysfunction that is often invoked in the pathophysiology of mood and related behavioral disorders.
